We present an optical setup with focus-tunable lenses to dynamically control the waist and focus position of a laser beam, in which we transport a trapped ultracold cloud of 87 Rb over a distance of 28 cm. The scheme allows us to shift the focus position at constant waist, providing uniform trapping conditions over the full transport length. The fraction of atoms that are transported over the entire distance comes near to unity, while the heating of the cloud is in the range of a few microkelvin. We characterize the position stability of the focus and show that residual drift rates in focus position can be compensated for by counteracting with the tunable lenses. Beyond being a compact and robust scheme to transport ultracold atoms, the reported control of laser beams makes dynamic tailoring of trapping potentials possible.
The control of cold atomic gases with dipole potentials produced by far-off-resonance laser beams has proven to be a uniquely powerful tool in the production and manipulation of quantum gases [1] . Recently, substantial progress has been made by introducing experimental techniques like high-resolution microscopy [2, 3] or holographic beam-shaping [4] to create atomic clouds in locally structured [5, 6] or box-like potentials [7] . Yet, the ability to change optical potentials dynamically is not very advanced. The most widely used implementation of dynamical potentials is the transport of ultracold atoms between two spatially separated regions of an experiment, with one region optimized for the production of the cold atomic cloud and the other region optimized to investigate the cloud [8] . With the increasing interest in hybrid setups coupling cold gases to other quantum systems [9] [10] [11] , the transport of atomic clouds now has become a crucial technique.
Optical transport can be performed by displacing the focus of a dipole beam in which the atoms are trapped. This has been achieved with the focussing lens mounted on an air-bearing translation stage [8] . Compared to magnetic transport, where the trap center is shifted either by a chain of overlapping coil pairs through which a current is applied sucessively [12] , or by physically moving one coil pair [13] , this avoids to surround the vacuum chamber with a number of magnetic coils limiting the optical access. Yet, it comes with the drawback of placing an expensive and cumbersome translation stage close to the vacuum chamber, which bears the risk of transferring vibrations to the dipole trap or the optical table. Another method relies on trapping the atomic cloud in a one-dimensional optical lattice, which is then turned into a moving standing wave by detuning the frequencies of two counterpropagating beams with respect to each other [14] . However, for Gaussian beams this technique is only applicable on short distances or in the vertical direction, because of the weak radial confinement compared to gravity [15] . * donner@phys.ethz.ch
Here, we present a different approach based on focustunable lenses, which allows to move the position of a dipole trap and additionally to tune its size. It combines a compact arrangement with a static setup. The rapid progress in the development of tunable and adaptive optics now allows to fabricate high-grade focus-tunable lenses, establishing them in an increasing number of fields of research and industry, such as material processing [16] , photography [17] , trapped nanoparticles [18] or bioimaging [19] . We use tunable lenses of the type EL-10-30 from the supplier Optotune. The lens surface is spherical with an aperture of 10 mm and a wavefront error of 0.1-0.2 λ (depending on the focal length), where λ = 1064 nm is the anti-reflection coating wavelength. The body of the lens is filled with a low-optical absorption liquid and the surface is sealed off with an elastic polymer membrane. As indicated in the sketches in Fig. 1 , an applied cur- rent in a coil can increase the membrane curvature by a magnetic ring mechanically pressing liquid from the outer area to the lens center. Thus the focal length can be tuned within a range of 40-140 mm [20] .
We use these lenses to transport a cloud of ultracold atoms over a distance of 28 cm from a first vacuum chamber A, where the atomic cloud is prepared, to a second one B, which is our science chamber, as shown in Fig. 1 . In principle, a focus displacement can be achieved using a single tunable lens focussing a collimated beam. However, increasing the focal length increases the waist size as well, thereby changing trapping frequencies and trap depth during the transport. Instead, the setup presented here provides uniform trapping conditions over the full transport distance. This is preferrable, since only high confinement and large trap depth allow for fast transport. The two beams in Fig. 1 (a) are focussed behind the static lens L with focal length f = 300 mm at distances f and 2f . Their waist sizes are equal if their divergences are. This requires beam diameters of d and 2d at L, respectively, resulting in the same divergence of θ = d/f for both. The beam with the focus at f must be collimated before the lens, and the beam with the focus at 2f must have the same divergence θ before passing L. Therefore the two beams have the same size at a distance f before L. Placing a lens T 2 with tunable focus f 2 at this position allows to continuously transform one beam into the other, resulting in a moving focus at constant waist. Since f 2 > 0 the divergence can only be reduced and the beam must be focussed before crossing T 2 . This can be achieved by a first static lens, which in turn defines the waist size behind L. In order to even gain independent control over position and waist size of the focus, the first static lens can be replaced by a tunable lens T 1 , as shown in the extended setup in Fig. 1 (b) . Calculation of the Gaussian beam propagation through the system enables us to compute waist size and focus position for any focal length tuple (
This extended setup is used in the following, choosing the distances as indicated in Fig. 1 . We send a collimated laser beam with a 1/e 2 diameter of 5.9 mm and a wavelength of λ = 1064 nm out of a photonic crystal fiber to the tunable-lens setup. The lenses are steered via lownoise current sources. The focal lengths are first set to f The ultracold atomic cloud is generated from initially 5 × 10 9 87 Rb atoms in a three-dimensional magnetooptical trap (MOT) loaded from a two-dimensional MOT. After evaporative cooling in a hybrid trap formed out of the dipole beam potential and a magnetic quadrupole trap [21] , we entirely switch off the magnetic potential and end up with N A = 1.86(6) × 10 6 atoms at a temperature of T A = 4.9(3) µK in the dipole trap. Choosing a dipole beam power of P = 4.0 W, we measure the longitudinal trapping frequency by modulating the trap position. Different from parametric heating, positioninduced heating appears at the trapping frequency itself [22] . We apply a sinusoidal modulation of f A 2 with an amplitude of ∆f A 2 = 0.4 mm, resulting in a real-space amplitude of ∆z = 4.5 mm. Using time-of-flight absorption imaging along the dipole beam axis, we observe an increase in temperature around the trapping frequency ω z /2π = 1.72(2) Hz. Compared to established methods to measure trapping frequencies, such as parametric heating [23] or excitation of the dipole mode [24] , this approach gives a clearer signal. The fast response time of the lens of a few milliseconds [20] should allow our technique to be applicable to trapping frequencies up to several hundred hertz.
In order to check for heating of the atomic cloud due to vibrations of the tunable lens setup at a static position, we hold the cloud in the dipole trap for up to 10 s and measure its temperature for different laser powers of 2.5-4.0 W. We observe heating rates of 60-240 nK/s, overall increasing with laser power, which lie about a factor of two to six above the expected spontaneous emission rates. In light of our low longitudinal trapping frequency ω z , we attribute this additional heating to the susceptibility of the system to residual noise in the hertz range.
Tuning the focal length of T 2 , we now move the cloud position. While keeping f 1 = 52 mm constant, we apply an s-shaped position profile (parabolic velocity profile) from f A 2 = 88 mm to f B 2 = 138 mm and subsequently measure the temperature at position B by time-of-flight absorption imaging perpendicular to the transport axis. We confirm the temperature and atom number measurements in both imaging systems to be compatible within each other by imaging the cloud at A, after the transport at B and after a double transport back at A. We do not observe any systematic difference in atom number and temperature within our reproducibility of 4 % and 6 %, respectively. The imaging is carried out directly after the transport is completed, neglecting residual dipole oscillations that damp out with a time constant of τ dipole = 0.45(6) s.
We start our transport measurements at a fixed dipole beam power of P = 3.5 W. In Fig. 2 (a) , we show the transfer fraction η = N B /N A as a function of the transport duration t 0 . Depending on t 0 , transfer fractions close to unity can be reproducibly obtained. Fig. 2 (b) shows the increase in temperature due to the transport, ∆T = T B − T A , where in addition the previously calibrated heating rate for a static trap has been subtracted to get access to the pure heating caused by transporting the atoms. For all values of t 0 , the heating lies in the range of a few mikrokelvin, typically around 3 µK. We emphasize that since this data represent a difference, the actual standard deviation of the temperature data values is smaller than the errorbars apparently suggest. For both atom number and temperature we observe the same reproducibility as before the transport, implying that the tunable-lens setup does not alter the reproducibility of our experimental conditions.
To further characterize the transport behavior and to prove the flexibility on the choice of parameters, we vary both the transport duration t 0 and the dipole beam power P over a broad range. Fig. 2 (c) shows the transfer fraction η as a function of these parameters. We observe values close to unity, i.e. η max = 97(3) %, when choosing sufficiently high laser powers and transport durations. For short transport durations and low laser powers, we observe almost no transported atoms. This can be explained by the small trap depth at low dipole beam powers, which is decreased below k B T A if the acceleration during the transport gets high for short transport durations. The temperature increase ∆T is shown in Fig. 2 (d) . For large trap depths, we observe an increase in temperature of ∆T = 1-5 µK. For short transport durations and small laser powers, the finite trap depth comes again into play and acts as an evaporative cooling step for the atoms.
The plots in Figs. 2 (c) and (d) both show diagonal patterns, indicating a highly nonlinear behavior of ∆T and η in the considered parameter space of t 0 and P . We attribute this to the nonadiabatic nature of our transport: Since the transport duration is comparable to the inverse of the trapping frequency, t 0 ∼ 1/ω z , the cloud does not follow adiabatically the trap position, but dipole oscillations are excited. Depending on the specific relation of ω z and the transport duration, these dipole oscillations can be of different amplitude or even fully suppressed [25] . They are converted to heat via collisions during the transport and still continue afterwards. In combination with the finite trap depth, the oscillations in return lead to atom loss.
The position stability of the dipole trap can be tested by measuring the drift behavior for long hold times. After optical transport with the parameters t 0 = 2.7 s and P = 3.8 W, we hold the cloud for different durations and measure its position along the beam axis. The pictures are taken after up to 9 s hold times, starting at 1 s such that residual dipole oscillations are already damped out. As shown in Fig. 3 , we observe a longitudinal drift that can be attributed to heating of the lens due to dissipated electric power. This changes the lens radius of curvature and thereby moves the focus position. The drift is expected from the data sheet [20] , but is reproducible under experimental conditions. Fitting the data with a linear function gives a rate of 0.37(2) mm/s, corresponding to 5.7(3) % of the Rayleigh length z 0 = 6.5 mm per second. As the drift rate is induced by the driving current of the lens, it depends on the focal lengths of the tunable lenses. We demonstrate that this drift can be overcome by constantly tuning the focal length f Fig. 3 , the drift rate can be almost entirely compensated while maintaining the reproducibility in position [26] . We also check for position drifts in the radial direction when holding the cloud at a constant position, but observe no measurable drift rate within an uncertainty of 1 µm.
In conclusion, we have shown that we can successfully transport ultracold atoms using focus-tunable lenses, achieving transfer fractions close to unity at temperatures of a few microkelvin. Beyond that, introducing tunable lenses to quantum gases opens up new possibilities to control dipole potentials not only spatially but also in time. For example, injecting two off-centered beams into our optical setup would produce an interference pattern with tunable lattice constant. Indeed, tests with a beam profiler have shown that changing our dipole beam size is possible and we are able to dynamically tune the waist in the range of 45-120 µm. Since the cloud radius scales as σ r ∼ w 2 0 / √ P , a large range of densities can be explored to optimize trap transfer and evaporative cooling. Finally, the unprecedented control over size, density and collision rate realizable within our setup may be used to implement novel schemes for the production and manipulation of ultracold gases.
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